indicating that the Rivera Plate possibly subducts, at very low angles, beneath the Tres Marias Islands.
Introduction
The tectonics, seismicity and magmatism in the western part of central Mexico is largely controlled by the subduction of the Cocos and Rivera oceanic plates beneath the North American (NA) plate, the Middle America Trench (MAT) being the morphologic expression of the subduction contact (Figure 1 ). The Rivera plate is a key structural element to understand the complex geodynamic interactions that occur at the western coast of Mexico. Atwater (1970) was the first to suggest the existence of this microplate. Since then, several authors have shown that the Rivera plate is kinematically distinct from the NA and Cocos plates (Eissler and McNally, 1984; Bandy and Yan, 1989; DeMets and Stein, 1990) , although the precise location of the Rivera-Cocos boundary is still controversial since no clear bathymetric features can be clearly associated with the plate boundary (Eissler and McNally, 1984; Bourgois and Michaud, 1991) . Seafloor accretion occurs along the western boundary Rivera plate, the Pacific-Rivera Rise (PRR), whereas to the east, the lithosphere of the Rivera Plate is consumed at the trench where the plate has been dated as late Miocene (~9 Ma) based on seafloor magnetic anomalies (Klitgord and Mammerickx, 1982) . The age of the Cocos plate varies along the MAT, with jumps in ages occurring across several fracture zones. Thus, the younger and shallower Cocos crust near the Rivera plate is dated as 10 Ma whereas at 90ºW it is dated at 25 Ma old (Couch and Woodcock, 1981) .   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   4 There are still points to be clarified regarding the Rivera plate subduction patterns. Among them, the convergence direction and rate DeMets and Wilson, 1997; Bandy et al., 1998; DeMets and Traylen, 2000) , the recent strike-slip deformation (Bandy et al., 2005) , the seismic activity (Nixon, 1982) , and a plausible evolution model for the junction area of the East Pacific Rise (EPR), the Rivera Transform and the MAT (Mammerickx, 1984; Bourgois et al., 1988; DeMets and Wilson, 1997; Bandy et al., 1998; Michaud et al., 2001; Bandy et al., 2005) . In terms of seismic data, only a few single channel seismic profiles are available in the literature (Bourgois et al., 1988; Bourgois and Michaud, 1991; Khutorskoy, et al., 1994; Michaud et al., 1996) and one 3-fold profile (Bandy et al., 2005) . These data show active shallow strike-slip tectonics and a subsidence in the upper (first second twtt) continental slope area at 18.5ºN, although the subducting Rivera plate crustal structure remains unidentified. Therefore, the studies of the internal structure of the overriding plate have relied primarily on potential field data (Bandy et al., 1993; Bandy et al., 1999) . The subduction of the Rivera plate remains a matter of debate due to the poorly controlled shape of the subducted plate (Eissler and McNally, 1984; Pardo and Suarez, 1993; Bandy et al., 1999) , and the low background seismicity compared to the rest of the MAT to the south. Regarding this low seismicity, there are few historical earthquakes at the Rivera-NA plate boundary, which raises the possibility that the Rivera Plate subducts aseismically (Nixon, 1982) . However, some of the largest destructive earthquakes reported in recent history occurred offshore of the Jalisco region (19ºN), such as the 1932 (Ms 8.1 and Ms 7.8) Jalisco earthquakes (Singh et al., 1985) and the October 9, 1995 (Mw 8.0, 17 km depth epicentre and 5m of tsunami) Colima earthquake in the southeast flank of the region (Courboulex et al., 1997) . The main event of the 1995 earthquake was a   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 (Singh et al., 2003) .
The angle of subduction of the Rivera Plate has been computed by accurately relocating hypocenters (e.g., Pardo and Suarez, 1993; Pardo and Suarez, 1995) .
The inferred Wadatti-Benioff zone indicates a steeper dip for the Rivera plate than the adjacent Cocos plate. This has led to the proposal of a step in the slab between the Cocos and Rivera Plates at the present time (Ferrari et al., 2001) due to the slab rollback mechanism, acting on the Rivera Plate underlying the NA plate, during a period of very low convergence rate (19mm/year on average) between 8.5 Ma and 4.6 Ma (DeMets and Traylen, 2000) . The seismicity causes a significant seismic hazard to the coastal regions of Mexico, as well as areas considerably inland, including Mexico City (Currie et al., 2002) . A strong understanding of the Mexico subduction region (geometry, seismic zone of subduction, faults and rupture width, etc.) and detailed information about the crustal structure along the Rivera Plate is required to carry out seismic hazard studies. Comprehension of the limits of the lateral and vertical extent of the Rivera Plate will also constrain as well plate tectonic models, including the opening of the Gulf of California. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   6 extending from 21ºN to 19ºN. In this paper, we present five post-stack time migrated MCS sections (Figure 3) , that show, for the first time in this area, seismic images from the Earth´s surface down to the Mojo that enable us to seismically characterize the crustal structure of the overriding and subducting plates offshore Puerto Vallarta, describe the spatial distribution of the incoming plates (sediment, crust and mantle lithosphere) and identify some of the processes occurring in this area.
Geological setting
The western margin of Mexico between 26ºN and 23ºN is structurally The geodynamic history since 25 Ma starts with the collision of the PacificFarallon seafloor-spreading center against the convergent western margin of NA. This collision marked the beginning of a major change in the tectonic evolution and volcanism of western NA (Atwater, 1970; Atwater, 1989) . Some 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   7 triggered by the jump of the EPR to its present location, transferred by the development of the Rivera Transform (Mammerickx, 1984, Mammerickx and Klitgord, 1982; Lonsdale, 1991) . Alternatively, Lonsdale (1995) proposes that the northward propagation of the EPR to its present location took place without any clear early connection with the PRR, suggesting a broad diffuse dextral shear zone connecting the two spreading centers before the full development of the Rivera Transform. Even if the connection between the EPR and the Rivera Transform is imprecise, multibeam and backscatter data collected during the CORTES-P96 experiment pointed out that the EPR reached the trench (Michaud et al., 2001) suggesting that the EPR extended northward of the Rivera Transform, consistent with the findings of Bandy (1992) based on marine magnetic data, and subducted beneath the NA plate before 2 Ma without the need of any connection with the Rivera Transform. The convergence rate reported at the MAT shows significant variations during the last 10 Ma, with convergence stopping between 2.5 Ma and 1 Ma (DeMets and Traylen, 2000) . The current reported value of Rivera-NA relative convergence rate is a matter of debate. It ranges from 2.0 cm/yr based on the accurately located hypocenters of local and teleseismic earthquakes (Pardo and Suárez, 1995) to 5 cm/yr based on seismotectonic relationships , which relate seismic characteristics of subduction zones (maximum magnitudes, maximum seismic depths, etc) to plate tectonic parameters (convergence rates, age of the oceanic lithosphere, etc.). The most recent estimations derived from reconstruction of magnetic anomalies for the last 0.78 Ma, give Rivera Plate convergence rates of 3.3-4.3 cm/yr along the NA plate in the area of the Jalisco block (Bandy and Pardo, 1994; DeMets and Wilson, 1997; Bandy et al., 1998; DeMets and Traylen, 2000) . 
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The mechanism (slab-pull) that powers the subduction and moves the plate is the well known slightly more dense mantle lithosphere of the Rivera Plate than that underlying North America plate, with one particularity. As density excess increases as the lithosphere ages and thickens and the lithosphere becomes negatively buoyant (namely subducting) when it is 10-30 million years old (Davies, 1992) , the < 10 Ma buoyant crust of the Rivera plate resists subduction. This resistance results in a strong coupling between plates having higher magnitude earthquakes and shallower dips compared to those plates subducting old lithospheres. The strain regime behind the magmatic arc for the young Rivera lithosphere subducting is expected to be strongly compressional (folding and thrusting), and the maximum magnitude earthquakes must occur under these conditions (young and fast lithosphere) beneath the continental crust arcs (Stern, 2002) .
The direction of convergence between the Rivera and NA plates at the MAT becomes progressively more oblique (in a counter-clockwise sense relative to the trench-normal direction) northward along the end of the MAT (19º-21ºN), commonly termed the Jalisco subduction zone (JSZ) (e.g. Bandy, 1992; Lonsdale, 1995; Kostoglodov and Bandy, 1995; DeMets and Wilson, 1997; DeMets and Traylen, 2000) . This area comprises the northern part of the MAT between the Tres Marias Islands and the southern tip of Colima rift (Figure 1 ). The depth of the slab under the western Mexico is poorly constrained, but local earthquake data indicate a Benioff zone for the Rivera Plate bending from around 10º at 20 km depth to 50º at 40 km depth, whereas the Cocos Plate is subhorizontal at the same depth (Pardo and Suarez, 1993) .
This change of dip angle is unrelated to the thermal structure of the slabs and the present rate of subduction, due to the similar age and comparable subduction rates of both plates. A rollback of the slab when the relative   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65   9 convergence between the Rivera and NA plates decreased to a very low rate at the end of Miocene was proposed as a plausible explanation (Ferrari et al., 2001 ).
The Jalisco Block (JB) is bounded landwards by the Tepic-Zacoalco Rift on the NE and by the Colima Rift on the SE (Figure 1 ). Rifting and volcanism have been proposed to be associated with the northwestward detachment of the JB from the NA plate (Luhr et al., 1985) at a very low rate of <5mm/year (DeMets and Stein, 1990; Bandy and Pardo, 1994) , starting in the PlioceneQuaternary. Recent strike-slip deformation within the fore-arc region of the JSZ has also been reported by shallow (< 1s twtt penetration) seismic data collected offshore the Jalisco block (Bandy et al., 2005) . That study also provided additional evidences for recent subsidence within the area offshore of 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 general coastal uplift (Ramírez-Herrera et al., 2004) . In other words, the slow long-term uplift is considered the most important factor to the total net vertical motion (uplift) of the Jalisco area. Based on the first reported organisms dated with radiocarbon along the Jalisco coast, an average rate of about 3 mm/year for tectonic uplift since 1300 years BP has been computed (Ramírez-Herrera et al., 2004) .
MCS data
The data set analysed in this study is composed of five MCS profiles ( The seismic processing flow includes band-pass filtering (5-9-58-62.5 Hz), edition of noisy traces, divergence correction, and internal mute to reduce the water bottom multiple effects. After CMP sorting, a minimum phase predictive   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 In the following sections, the components of the subduction zone are described, and their interactions are discussed.
Analysis of MCS data and discussion

Shallow crustal structure
The northernmost profile 205 (Figure 4 ) provides the first ever reported seismic image of the active margin in the area offshore of Puerto Vallarta. The upper and western part of profile 205 was already published in a study of the heat flow through the margin (Minshull et al., 2005) . From offshore to onshore (NE orientation) we have identified the following morphological features:
deformation front (CMP 1500), trench (CMP 2500), accretionary prism (CMP 2500-3600), a well-developed forearc basin (CMP 3600-5600), backstop limit at (CDP 4800), and continental slope and mid slope terrace (CMP 5600-6400).
We also recognized the presence of erosion as mass wasting affecting the slope is also identified (CMP 5700-6300). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13 the subduction interfaces, producing adakites such as the ones investigated by Ferrari et al. (2001) . This also has to be considered during the modelling. One should bear in mind that sediments in most subducted zones melt but subducted crust only melts when it is young and hot enough (Johnson and Plank, 1999) .
The southernmost profiles 202 (CMP 15000, Figure 6 ) and 203 (CMP 400, Figure 7 ) clearly illustrate a set of normal faults reaching the surface. The structure of the subducting plate consists of grabens and horsts that are products of the extensional stress due to bending of the plate, which might facilitate sediment subduction and the percolation of fluids. These faults, arriving up to the seafloor, might indicate recent tectonic activity related to the dip augmentation of the Rivera Plate since 8.5 Ma, when bending occurred at the time of the Rivera plate slowed the convergence (7.2-4.8 Ma) as recorded by the trenchward migration of the volcanic front (Ferrari et al., 2001) . Fluids are likely to percolate and circulate along these faults deep into the overriding plate, probably favouring the formation of gas hydrates and significantly cooling the oceanic plate as shown by marine heat flow observations (Ziagos et al., 1985; Prol-Ledesma et al., 1989; Khutorskoy, et al., 1994) ). The increase of the amount of fluids (including asthenospheric rising) started in the Pliocene and released from the subducting slab of the Rivera plate due to the increase of the convergence is confirmed by the subsequent volcanic rate increment (Ferrari et al., 2001) . The distance from the trench axis to the deformation front differs from one section to another as well. From north to south, the deformation front is 12 km westward from the trench axis in section 205 (CMP 1500, Figure 4 ), 5 km in profiles 204 (CDP 1400, Figure 5 ) and 202 (14100, Figure 6 ), and the distance is undetectable in the southern profile 203 ( Figure   7 ), as we can summarize in Figure 3 by the black arrows. The basement is also Manzanillo (104ºW), during at least the last 8 Ma (Ferrari et al., 2001) . This difference in tectonic regimes, of areas only 500 km apart, has been related with a variation in the geometry of the slab along the trench: the downgoing slab is steeper beneath the JB than off Acapulco (Pardo and Suárez, 1993) .
However, we observe chains of seamounts stretching hundreds of km seaward of, and perpendicular to, the MAT, offshore (Figure 3 ). When subducted, these seamounts destabilize the overlying seafloor and leave a morphological trace across the continental slope that marks their path beneath the surface as has 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 In the shallow continental domain, strong bottom simulating reflections (BSR) have been clearly imaged along the five MCS profiles (Figures 4-8) . The presence of a BSR is frequently related to the presence of gas hydrates in the marine sediments, although gas hydrates have been also encountered in regions without BSR (Yuan and Edwards, 2000) . There are at least two types of origins for the occurrence of BSR. One is related to the presence of gas hydrates causing a negative acoustic impedance contrast between sediments containing gas hydrate and free gas underneath the gas hydrate stability zone (Pecher et al., 1996) . Therefore, these BSRs have reversed polarity. The other origin has been related with the strong positive acoustic impedance contrast between silicate rich sediments of the different diagenetic stages opal A, opal CT and quartz (Kastner et al., 1977) . Therefore, diagenesis-related BSRs have the same polarity as the seafloor reflection. The BSR identified in seismic data off Puerto Vallarta have a reversed polarity with respect to the seafloor (Minshull et al., 2005) , consequently related with the presence of natural gas hydrates.
The formation of natural gas hydrates is well-known and widely described as a global phenomenon that has been recognized all along the Eastern Pacific margin (e.g. Costa Rica (Pecher et al., 1998) ; northern California (Brooks et al., 1991) ; Peru (Pecher et al., 1996) ; Pacific ocean off Mexico, Guatemala and Panama (Shipley et al., 1979) ; Gulf of California (Lonsdale, 1985) . We have detected the widespread distribution of the BSR not only in the accretionary prism offshore of Puerto Vallarta, but also in the forearc basin, the continental slope and the mid slope terrace. A BSR is however absent in areas affected by   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 slumping, as can be observed in profile 205 (CDP 3500-4000, Figure 3) . A similar situation has been described in the Peruvian margin (Pecher et al., 1998) . We speculate that the gas may escape through the fractures that appear to cross the base of gas hydrate stability zone near CDP 800 in profile 204
( Figure 5 ). Vertical fluid expulsion channels and seafloor venting sites have also been recognized in northern Cascadia (Hyndman et al., 2001 ) and the Sea of Okhotsk (Lüdmann and Wong, 2003) linked with BSR. When these structures reach the seafloor, they are associated either with pockmarks or with dome-like structures (profile 204, CMP 700). The pale reflectivity above the BSR, known as a blanked zone (e.g., Korenaga et al., 1997) , is clearly recognized in all the profiles at 0.2 s twtt below the BSR and it has been associated to hydrate cementation or porosity filling suppressing the impedance contrasts between the layers (Figure 5-8 ).
Deep crustal structure
Seismic imaging is the best method to investigate the structure of subduction zones and becomes highly dependent on the material properties (seismic velocities) and the depth of the earthquakes in the specific case of seismic tomographic imaging. Producing images of a young lithosphere with shallow earthquakes becomes challenging but in the meantime, we have imaged the deep crustal structure using active multichannel seismics. The analysis and interpretation of the MCS profiles allows us to identify, for the first time in the area of the subduction Rivera plate, the major structures of the margin at deep crustal levels. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 19 of the underlying crust (oceanic or continental), which is still under discussion (Lonsdale, 1995) and may be related to a previous location of the EPR before a westward jump during the opening of the Gulf of California, could be resolved acquiring new geophysical and geological data.
Conclusions
The new seismic data presented herein provide new insight into the crustal structure at the contact between the Rivera and North American plates, offshore Puerto Vallarta. We summarized our conclusions as follows:
1. The Rivera plate subducts beneath the NA plate with, from north to south in the trench Axis, a dip angle ranging from 6 º to 8º. Although data are not conclusive, the subduction seems to continue northward and the Tres Marias Islands could be uplifted as a consequence of this subduction.
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I had modified figure 3 (and figure caption), and no longer had the black arrows. Now I had the comment: I can submit again the old version of Figure 3 where the black arrows marking the deformation front are present. But I would welcome an agreement between the two revisions. I have no preference between the two versions, black arrows don´t change the substance of the paper, only helps the interpretation of the morphology in the bathymetric data. However, we need to take into account that a sentence should be modified depending on the final decision in Comment r14, page 14.
*Response to Reviewer Comments
I checked Figure 3 and the ship tracks have been present in all of the versions I submitted. If you continue having problems with this figure I can re-submit it in another format (gif, pdf,...)
Comment #4:
Following your recommendation b30, I labelled the major unconformity on Figure 4 .
Comment #5
The problems with the references have been solved:
